A ''turn-on'' thiol-responsive fluorescence probe was synthesized and integrated into polymeric nanoparticles for sensing intracellular thiols. There is a photo-induced electron transfer process in the off state of the probe, and this process is terminated upon the reaction with thiol compounds. Configuration interaction singles (CIS) calculation was performed to confirm the mechanism of this process. A series of sensing studies were carried out, showing that the probe-integrated nanoparticles were highly selective towards biological thiol compounds over non-thiolated amino acids. Kinetic studies were also performed to investigate the relative reaction rate between the probe and the thiolated amino acids. Subsequently, the Gibbs free energy of the reactions was explored by means of the electrochemical method. Finally, the detection system was employed for sensing intracellular thiols in cancer cells, and the sensing selectivity could be further enhanced with the use of a cancer cell-targeting ligand in the nanoparticles. This development paves a path for the sensing and detection of biological thiols, serving as a potential diagnostic tool in the future.
T hiols in biological systems play a significant role in the maintenance of life. Owing to their oxidative properties, biological thiols serve as antioxidants [1] [2] [3] , aid in the inhibition of cellular apoptosis [4] [5] [6] [7] , and participate as scaffolds for the formation of complex three-dimensional protein structures. All of these activities occur through the formation or cleavage of disulfide bond. Among biological thiols, a lot of attention has been given to glutathione (GSH), cysteine (Cys) and homocysteine (Hcy). Exceptionally high concentration of any of these thiol compounds could act as a signal for the abnormality of cells including cancer, cardiovascular disease, AIDS and angiogenesis [8] [9] [10] [11] [12] [13] . Therefore, the detection of these thiol-containing compounds is crucial as a form of diagnostics. In view of this fact, various strategies, such as chromatography techniques, nanoparticle (NP) based reporters, and fluorescence assays, have been developed for the detection and sensing of intracellular thiol compounds [14] [15] [16] [17] [18] [19] [20] . Of these techniques, the fluorescence assays are often highly favored over other techniques owing to their high selectivity, low cost and simplicity, which can be applied without the use of sophisticated equipment 21 . However, lipophilic nature of these fluorescence probes has greatly reduced their pharmacokinetic properties, and hence their uses for in vivo detection and sensing are still far from reach 22 . Furthermore, these probes normally do not possess cancer cell-targeting property, significantly limiting their specificity for in vivo applications 23, 24 . In this work, we developed a ''proof of concept'' solution to address these issues by designing a molecular probe and then integrating it into biocompatible polymer based NPs for sensing intracellular thiols. The utilization of the polymer NP carriers could protect potential biodegradation of the molecular probe during the circulation before reaching the target cells. In addition, a folic acid targeting ligand was introduced into the NP system for targeted thiol sensing.
The use of nanocarriers for the delivery of cargoes has shown improved bioavailability of the later significantly in biological systems [25] [26] [27] [28] . Recently, we reported the preparation of polyacrylate based NPs (ZG-20 NPs) as a carrier for in vivo drug delivery 29 . The ZG-20 NPs were fabricated by a supramolecular self-assembly of bcyclodextrin (b-CD) conjugated polyacrylic acid (PAA-CD), adamantane (AD) conjugated polyacrylic acid (PAA-AD), and AD conjugated PEG (PEG-AD). Anticancer drug doxorubicin was loaded into the NP system, showing enhanced chemotherapeutic effect as compared with free doxorubicin. In the continuation of this work, we herein integrated a ''turn-on'' thiol-responsive fluorescence probe (PySSCou) into the same NP system for sensing biological thiol compounds ( Figure 1A ). The PySSCou molecule was designed as a responsive probe towards thiols. Its main fluorescence signal originates from the coumarin group in the probe. Initially, the fluorescence is mainly suppressed by the pyridine group, which is connected to the coumarin group by a disulfide bond-containing linkage. It was proposed that the pyridine group might quench off the fluorescence of the coumarin group by photoinduced electron transfer (PET) process ( Figure 1B ) 30, 31 . In addition, the pyridine group could form a hostguest complex with b-CD in PAA-CD, thereby facilitating the integration of the probe into the NPs 32 . With this design, the biological thiols can enhance the fluorescence of the ZG-20 NPs by catalyzing the hydrolysis of the carbonate group on the 7th position of the coumarin unit and also the reduction of the disulfide bond in PySSCou to remove the pyridine group from the molecule [33] [34] [35] . The removal of the pyridine group inhibits the PET process on the fluorescence probe, hence recovering the fluorescence from the coumarin unit. Although there are several thiol-responsive probes reported in literature [36] [37] [38] [39] [40] [41] [42] [43] [44] , the integration of a fluorescence probe into a nanocarrier to realize fluorescent thiol sensing has not been investigated so far.
Results
Preparation and characterization of probe-integrated ZG-20 NPs. The PySSCou molecule was synthesized from commercially available starting materials (see Figure S1 and synthetic details in the Supporting Information (SI)). The molecule was dissolved in dimethyl sulfoxide (DMSO) to yield a stock solution, which was then used for the preparation of ZG-20 NPs. In a typical preparation of ZG-20 NPs, 0.1 equiv. of PySSCou was mixed with PAA-AD containing 0.25 equiv. of the AD unit. To this mixture was added with 0.2 equiv. of PEG-AD followed by the addition of 0.1 equiv. of PAA-CD. The mixture was then washed thoroughly with phosphate buffered saline (PBS) so as to ensure that all unbound precursors were removed. Finally, the NPs were re-suspended in PBS for subsequent characterizations and applications.
The size and morphology of the as-prepared ZG-20 NPs were characterized by transmission electron microscope (TEM). The TEM image (Figure 2) shows that the NPs are spherical in shape and have the mean diameter of 18.7 6 3.8 nm measured from 200 particles. The TEM image also exhibits the absence of large polymeric aggregates, confirming that the NPs were formed under a controlled manner. The surface charge of the NPs was measured using the Zeta potential technique, which was found to be 24.56 mV. The slight negative surface charge may be attributed to the free carboxylate groups on the PAA conjugates. The negatively charged surface of NPs is in favor of minimizing non-specific interactions between the NPs and cells with negatively charged surface. PySSCou probe molecule (see Section 7 in the SI). The XPS (X-ray photoelectron spectroscopy) measurement also indicates that the NPs contain 2.65 mol% of S relative to N and C elements ( Figure  S10 in the SI). These measurements confirmed that the PySSCou molecule was successfully integrated into the polymeric NP system, as the NPs without the PySSCou loading did not exhibit these properties. Thus, the NP system could serve as a host for effective loading of the PySSCou molecule.
Detection selectivity. The detection selectivity of probe-integrated ZG-20 NPs was evaluated by conducting the co-incubation of the NPs (0.66 mg mL 21 ) with various amino acids and thiol compounds (5.0 mM) in PBS buffer overnight. In this study, we used dithiolthretol (DTT) to investigate the response of the NP system. Although DTT is not considered as a biological thiol compound, it is a well-known thiolated reducing agent and could serve as a positive control for comparison. After the overnight incubation, we measured the fluorescence intensity of the NP solution at 477 nm under the excitation wavelength of 330 nm. The measurement results show that the ZG-20 NPs possess an excellent selectivity, i.e., the NPs only respond to various thiol compounds but not to the nonthiolated amino acids ( Figure 3A) . Similarly, the selectivity experiments of the naked PySSCou molecule with these amino acids and thiol compounds also show the same trend, thereby confirming that the integration of PySSCou into the polymeric NPs did not compromise its selectivity ( Figure S5 in the SI).
Detection limit determination. In order to study the sensitivity of the NP system, its response upon changing the concentration of Cys was recorded. It was observed that the response decreased with the decrease in the Cys concentration ( Figure 3B ). By using the same set of experiment data, the plot of the intensity at the maximum wavelength (477 nm) versus the Cys concentration gave a linear relationship between the two variables ( Figure S7 in the SI). The detection limit (5.75 mM) of the NP system was obtained based on the linear plot.
Quantum yield calculation. In the design of the fluorescence probe, we proposed that the reaction of the integrated probe with thiol compounds could release highly fluorescent coumarin molecule (CouSH) into the testing buffer. In order to confirm this mechanism, we measured the quantum yields of PySSCou as well as its coumarin product CouSH after reaction with DTT (see Section 6 in the SI for details). The measurement results reveal that the corresponding quantum yields increased from 1.0% to 12.0%, indicating that the reaction released highly fluorescent CouSH into solution in order to serve as a signal for the sensing application. We also performed the GC EI-MS (gas chromatography electron ionization-mass spectrometry) analysis of DTT-treated NP solution ( Figure S11 in the SI). The GC EI-MS analysis shows the presence of an m/z value at 281, corresponding to the [M1H]
1 peak of the released CouSH molecule.
Kinetic studies. In order to further probe the reaction kinetics of NPs with various thiol compounds, we carried out the time-dependent fluorescence measurements of the NP solution with the incubation of various thiols at pH 7.4 and 37uC over a period of 3 h ( Figure 4A ). The results of the kinetic experiments show that the treatment of the NPs with various thiol compounds induces the enhancement of the fluorescence at 477 nm under the excitation of 330 nm. DTT led to the highest rate of response, followed by Cys, Hcy and GSH. In addition, a blank run where no additive was added into the NP solution during the incubation period was performed as a control. In the control case, there was no increase in the fluorescence intensity at 477 nm over 3 h, while a decrease in the fluorescence intensity was observed. We speculated that the decrease in the fluorescence intensity was a result of the hydrolysis of the carbonate group on the 7 th position of the coumarin molecule. In the initial state, electron-withdrawing carbonate group exhibits an inductive effect on the PySSCou molecule, contributing to the slight inhibition of the PET process to the pyridine group. The unstable carbonate group is prone to hydrolyze, converting into electron-donating phenoxide anion. The resulted phenoxide anion further promotes the PET process, which leads to the decrease of the fluorescence for the blank experiment. The presence of the carbonate group in the PySSCou molecule has two reasons. One is for synthesis reason that the incorporation of the carbonate group prevents the nucleophilic attack of the phenoxide group onto the 4-nitrophenyl chloroformate unit. The second reason is to employ it as a normalization signal during all the kinetic studies. It was observed from the kinetic studies that all the kinetic curves begin at the same starting point, having absolute fluorescence intensity at about 40 a.u. This observation indicates that all the kinetic experiments were conducted with the same initial NP concentration. At the end of the kinetic experiments, the fluorescence spectra of the NPs were recorded under the excitation wavelength of 330 nm ( Figure 4B ). Initially quenched fluorescence of probe-integrated NPs showed a fluorescence enhancement upon the reactions with various thiol compounds. In addition, kinetic studies were also performed using the naked PySSCou molecule and a same trend of reactivity was observed ( Figure S4 in the SI).
Electrochemical and Gibbs free energy measurements. We then carried out the cyclic voltammetry (CV) measurements of PySSCou and thiol compounds in order to work out their reduction potentials and subsequently to estimate the Gibbs free energy of the reactions ( Table 1 ). The Gibbs free energy estimation indicates that all the thiol compounds could react with PySSCou spontaneously. It was observed that the trend in the Gibbs free energy agrees with the trend obtained from the kinetic experiments.
Computation studies for the confirmation of PET mechanism. Computational studies were performed to determine the orbital diagram of the possible transition during photo-excitation 30, 45 . Density functional theory (DFT) was employed to optimize the hydrolyzed PySSCou with the hydrogen bonded water using the basis set of B3LYP/6-31111G (d,p) on the suit of Gaussian 09 W program. Upon the optimization of the geometry, the configuration interaction singles (CIS) were performed to calculate the transition to the excited state 46 . The calculation results reveal that the S0 to S1 transition has the highest oscillation strength as compared to other excited states. From the analysis of the S1 excited state, we found that one of the transitions was contributed by the transition from the HOMO to the LUMO 1 10 orbitals. As shown in Figure 5A , the HOMO orbital has the majority of the electron density localized on the coumarin moiety, while the LUMO 1 10 orbital has its electron stretched from the coumarin moiety to the pyridine group. Such a difference in the localization of the electron density confirms that the intramolecular PET process occurs with the direction of PET starting from the coumarin moiety to the pyridine group. A similar calculation was carried out on hydrogen bonded CouSH ( Figure 5B ). The CIS calculation results show that the S0 to S1 transition has the highest oscillation strength with the only contribution from the HOMO to LUMO 1 6 orbitals. From the similar analysis of the orbital diagrams, it was observed that the electron densities were mainly localized on the coumarin moiety. These calculation results confirm that the cleavage of the disulfide bond terminates the intramolecular PET process, hence recovering the fluorescence.
Targeted intracellular imaging of biological thiols. In order to assess the bio-applicability of the probe-integrated ZG-20 NPs for intracellular sensing of thiol compounds, two types of ZG-20 NPs were prepared. One of them (FA1VE ZG-20 NPs) was integrated with the AD conjugated folic acid (FA-AD), while the other one (FA-VE ZG-20 NPs) did not contain FA-AD. In our previous work, we have demonstrated that the integration of FA-AD into the NPs could induce the folate mediated endocytosis of the PAA NPs by cancer cells 29 . Hence, we would like to prove that the sensing of intracellular thiols could also be highly selective through the introduction of a targeting ligand into the NP system. The two types of NPs were incubated with a pre-cultured B16-F10 mouse melanoma cells followed by taking the fluorescence microscopy images of the cells. From the fluorescence microscopy images (Figure 6 ), it was observed that the cells treated with the FA1VE ZG-20 NPs show a positive fluorescence signal (blue color), particularly within the cytoplasm of the cells. However, the same experiment conducted using the FA-VE ZG-20 NPs exhibit the absence of the fluorescence signal. These experiment results indicate that the selectivity of the probe can be altered by the conjugation of folate group on the NPs.
It is known that cancer cells exhibit higher intracellular thiol concentration, and non-cancerous cells express a low amount of thiol compounds in the intracellular environment. Thus, non-specific targeting of NPs may provide false positive results during the cancer imaging. In addition, the fluorescence images of the cells upon the incubation with the naked PySSCou molecule were recorded. In this control experiment, no fluorescence from the treated cells was observed. This observation agrees with the literature report that free dye molecules have certain difficulties in the trans-membrane 
Discussion
By utilizing the intramolecular PET mechanism, we rationally designed and synthesized a coumarin based ''turn-on'' fluorescence probe that consists of a disulfide bond connected to a quencher. The pyridine moiety in the PySSCou probe not only serves as an electron reservoir for the quenching of the coumarin fluorescence, but also allows easy integration of the probe into polymeric NPs for in vitro sensing of biological thiol molecules. To confirm the presence of the PySSCou probe in the polymeric NPs, various characterization techniques such as XPS and UV-Vis spectroscopy were employed. The characterization results proved that the PySSCou probe was indeed incorporated into the polymeric NPs. Together with our previous work on the loading and delivery of doxorubicin using this NP system, the research demonstrated the versatility of the NP system for the integration of different cargos capable of multiple uses.
In terms of the selectivity towards the thiol compounds, the disulfide bond on PySSCou enables the probe to react with thiols in a highly selective manner, which was proven by a series of control experiments against the non-thiolated amino acids. The electrochemical studies confirmed that the reaction between biological thiols and PySSCou was a spontaneous process with a negative Gibbs free energy. In addition, various in vitro thiol detection studies showed that the probe, either as a free molecule or being integrated into the NPs, could present excellent responses to biological thiol compounds, concluding that the integration process does not influence the selectivity and reactivity of the probe. On the other hand, this NP system allows for the incorporation of cancer cell-targeting ligand for enhancing the sensing selectivity to the intracellular thiol compounds within cancerous cells.
In conclusion, we have successfully developed a novel ''turn-on'' fluorescence probe that has been integrated into polymeric NPs for sensing applications. The as-prepared NPs have the capability to respond to various biological thiol compounds against the nonthiolated amino acids. Intracellular sensing of biological thiols in B16-F10 mouse melanoma cells using the probe-integrated NPs has been carried out, indicating that the sensitivity and selectivity of the NPs could be altered by the integration of the targeting ligand. In addition, computational studies have been performed to prove that the initial fluorescence quenching of the probe is a result of intramolecular PET process. The PET process could be terminated upon the reductive cleavage of the disulfide bond within the probe molecule by the endogenous biological thiols, confirming the ''turnon'' process of the probe. Since the NP system has the capability to selectively deliver the cargoes into the tumor sites in tumor-bearing nude mouse models 29 , the probe-integrated NPs show a promising potential to be utilized in the sensing of biological thiol compounds in vivo.
Methods
Preparation of NPs. Prior to the preparation of NPs, all components were prepared as stock solutions in their respective concentrations. PAA-CD: 8.6 mg/mL in water, PAA-AD: 26.0 mg/mL in DMSO, PEG-AD: 16.8 mg/mL in water, PySSCou: 11.7 mM in DMSO, and FA-AD: 11.7 mM in DMSO.
Preparation of ZG-20 NPs or FA-VE ZG-20 NPs. PAA-AD solution (4 mL) was added with PEG-AD solution (66 mL) and PySSCou solution (12 mL). The mixture was stirred thoroughly before the addition of PAA-CD solution (66 mL) and PBS (1 mL). The mixture was sonicated for 15 min and the NPs formed were isolated by high speed centrifugation. The supernatant was discarded and the NPs were redispersed in PBS (1 mL). The NPs were again isolated by high speed centrifugation and the process was repeated for two addition cycles to ensure the thorough washing of the NPs. Finally, the NPs were re-dispersed either in PBS (3 mL) to achieve a concentration of 0.66 mg/mL for fluorescence and kinetic measurements or in PBS (0.3 mL) to achieve a concentration of 6.6 mg/mL for bioimaging experiments.
Preparation of FA1VE ZG-20 NPs. The procedure for the preparation of FA1VE ZG-20 NPs was similar to the preparation of FA-VE ZG-20 NPs, while adding the FA-AD solution (12 mL) to the mixture prior to the addition of PAA-CD solution. The washed NPs were re-dispersed in PBS (0.3 mL) for bioimaging experiments.
Computational Studies. All computational studies were performed using the Gaussian 09 W program. DFT calculation was performed for the optimization of the molecules using the basis set of B3LYP/6-31111G (d,p). The polarization continuum model using the integration formalism variant (IEFPCM) with water as solvent was included in the optimization process. The CIS calculations of the excited states were also conducted with the same basis set.
Intracellular Sensing and Cytotoxicity Studies. Intracellular sensing of biological thiol compounds was conducted on mouse melanoma B16-F10 cells. In a typical imaging experiment, 8.0 3 104 cells were seeded into a SPL 200350 coverglassbottom dish and the cells were incubated overnight. Thereafter, FA-VE ZG-20 NP solution or FA1VE ZG-20 NP solution (200 mL, 1.0 mg/mL) was added, and the cells were then incubated overnight. The medium was removed. The cells were washed 3 times with PBS and then added with fresh medium prior to imaging.
In the MTT cytotoxicity assay, the cells were first seeded into a 96 well plates at a seeding density of 1.0 3 104 cells per well prior to overnight incubation. Thereafter, 10 mL per well of FA1VE ZG-20 NPs or PySSCou in PBS with various concentrations were added and followed by a further overnight incubation. The medium was removed and replaced by 100 mL per well of fresh medium containing 0.5 mg mL-1 of MTT. The cells were returned to the incubator for 4 h before removing the medium again. The residual purple crystal was dissolved in DMSO (100 mL per well) and the absorbance of the purple solution was measured at 562 nm using a plate reader (InfiniteH 200 PRO plate reader). The viability of each well was determined as a relative percentage to the control well where only water was added. Each data was reported as a mean of eight replicates and the error bars were the results of the standard deviations of these replicates.
Detailed synthesis, methods, and characterization data are presented in the supporting information.
